Abstract. Hepatocellular carcinoma (HCC) is the fifth most common solid cancer and the third most common cause of cancer-related mortality. HCC develops via a multistep process associated with genetic aberrations that facilitate HCC invasion and migration and promote metastasis. A growing body of evidence indicates that cancer stem cells (CSCs) are responsible for tumorigenesis, cancer cell invasion and metastasis. Despite the extremely small proportion of cancer cells represented by this subpopulation of HCC cells, CSCs play a key role in cancer metastasis and poor prognosis. ELK3 (Net/SAP-2/Erp) is a transcription factor that is activated by the Ras/extracellular signal-regulated kinase (ERK) signaling pathway. It plays several important roles in various physiological processes, including cell migration, invasion, wound healing, angiogenesis and tumorigenesis. In the present study, we investigated the role of ELK3 in cancer cell invasion and metastasis in CD133 + /CD44 + liver cancer stem cells (LCSCs). We isolated LCSCs expressing CD133 and CD44 from Huh7 HCC cells and evaluated their metastatic potential using invasion and migration assays. We found that CD133 + /CD44 + cells had increased metastatic potential compared with non-CD133 + /CD44 + cells. We also demonstrated that ELK3 expression was upregulated in CD133 + /CD44 + cells and that this aberration enhanced cell migration and invasion. In addition, we identified the molecular mechanism by which ELK3 promotes cancer cell migration and invasion. We found that silencing of ELK3 expression in CD133 + /CD44 + LCSCs attenuated their metastatic potential by modulating the expression of heat shock-induced factor-1α (HIF-1α). Collectively, the results of the present study demonstrated that ELK3 overexpression promoted metastasis in CD133 + /CD44 + cells by regulating HIF-1α expression and that silencing of ELK3 expression attenuated the metastatic potential of CD133 + /CD44 + LCSCs. In conclusion, modulation of ELK3 expression may represent a novel therapeutic strategy for preventing HCC metastasis and invasion.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common solid cancer and the third most common cause of cancerrelated mortality (1) . The current treatment modalities for HCC, including liver transplantation, surgical resection and local ablation therapy, have significantly prolonged patient survival (2, 3) . However, when liver cancer spreads within the liver or to other organs, effective therapeutic options are extremely limited, and the mortality rate is high (4) . Although the risk factors predisposing patients to HCC have been well established, the precise molecular mechanisms underlying HCC metastasis are not fully understood. Therefore, a better understanding of the molecular processes associated with HCC invasion and metastasis is required for the development of effective therapeutic strategies to treat metastatic HCC and prolong patient survival.
Cancer stem cells (CSCs) represent a small subpopulation of cancer cells in various types of cancer. CSCs are distinguished by their capacity to self-renew and differentiate into malignant cells. Despite composing only a small proportion of the general population of cancer cells, CSCs make a significant contribution to cancer metastasis and invasion due to their high metastatic potential (5) (6) (7) . To date, various cell surface markers specifically expressed on CSCs, including CD133, CD44, EpCAM and CD90, have been identified, and each of these markers has been biologically and clinically characterized (8) .
ELK3 promotes the migration and invasion of liver cancer stem cells by targeting HIF-1α
The 5-transmembrane protein CD133, also referred to as human prominin-1, is a well-established protein marker of multiple types of solid tumors (9) . In addition, CD133 has been shown to mediate HCC metastasis by regulating the expression of metastasis-associated genes, and CD133 expression in HCC is associated with a poor prognosis (10) (11) (12) . In our previous study, we demonstrated that Huh7 CD133 + liver cancer stem cells (LCSCs) exhibit greater metastatic potential compared with Huh7
CD133 -cells after undergoing radiation treatment in vitro and in vivo (13) . The transmembrane glycoprotein CD44 localizes to the cell surface and plays a key role in various intracellular interactions, including cell adhesion and migration (14, 15) . CD44 is expressed not only in HCC cells but in other types of cancers as well, such as colorectal and breast cancer (14, 16, 17) . Therefore, we focused the present study on the role of the cell surface markers CD133 and CD44 in HCC metastasis.
ELK3, also referred to as SAP-2, net or Erp, forms a ternary complex factor (TCF) along with ELK1 and ELK4 (18). ELK3 is activated by mitogen-activated protein kinase (MAPK)-associated pathways, such as the Ras/extracellular signal-regulated kinase (ERK) and p38 pathways, and it plays an important role in various physiological processes, including cell migration, invasion, wound healing, angiogenesis and tumorigenesis, via the regulation of c-fos, early growth response protein 1 (egr-1), and plasminogen activator inhibitor-1 (PAI-1) (19) (20) (21) (22) (23) . Mutations in ELK3 disrupt vasculogenesis, angiogenesis and wound healing in mice during development and in adulthood (24, 25) . In addition, our previous study demonstrated that ELK3 contributes to epithelial-mesenchymal transition (EMT) of mouse hepatocytes by regulating egr-1 (26) . EMT, a process whereby epithelial cells reduce their intercellular adhesions and gain mesenchymal properties, is a critical event in the process of cancer invasion and metastasis (27, 28) . During liver cancer metastasis, epithelial cell-like HCC cells gain a mesenchymal phenotype characterized by an increase in cell migration and the ability to degrade the extracellular matrix (ECM) (27, 29) . These observations suggest that EMT may play an important role in HCC metastasis. Moreover, recent studies revealed that ELK3 is associated with the regulation of hypoxia-induced factor 1α (HIF-1α) (30, 31) . HIF-1α is a transcription factor that plays a well-established role in cancer development, progression and metastasis. HIF-1α is associated with the regulation of genes associated with cancer metastasis, invasion, angiogenesis, cellular proliferation, apoptosis and glucose metabolism (32) (33) (34) (35) (36) . Vascular endothelial growth factor (VEgF) and metalloproteinase-2 (MMP-2), which are target molecules of HIF-1α, are also linked to the development, invasion and metastasis of HCC (35) (36) (37) (38) . Although ELK3 is known to be involved in cell migration and invasion, the influence of ELK3 on the metastatic potential of LCSCs remains unclear. Therefore, we investigated the role of ELK3 in LCSC metastasis and found that ELK3 can attenuate the metastatic potential of LCSCs.
Materials and methods
Cell culture. Huh7 and Hep3B HCC cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 µg/ml penicillin and 0.25 µg/ml streptomycin (all from Invitrogen, Carlsbad, CA, uSA). SKHep1, Hepg2 and PLC/PRF/5 cells were grown in minimum essential medium (MEM) supplemented with 10% FBS, 100 µg/ml penicillin and 0.25 µg/ml streptomycin (all from Invitrogen). All of the cell lines were maintained at 37˚C in an atmosphere of 5% Co 2 .
RNA interference. The small interfering RnA (siRnA) method was used to knock down the expression of ELK3. Three different siRnAs targeting ELK3 (5'-CCAAgAuCuCCu CuuuAAutt-3'; 5'-ggACuCAuuAACugAugAAtt-3'; and 5'-gguCuCuAguAgAAuuuCAtt-3') (Santa Cr uz Biotechnology, Santa Cruz, CA, uSA) were pooled together and used at a final concentration of 30 nM. Control cells were subjected to mock transfection with scrambled siRnA. The cells were transfected using g-fectin (genolution Pharmaceuticals, Seoul, Korea) according to the manufacturer's protocol.
Cell isolation using fluorescence-activated cell sorting (FACS) analysis. The cells were harvested using 0.5 mM trypsin/EDTA (Invitrogen) and subsequently incubated with phycoerythrin (PE)-conjugated anti-CD133/1 and allophycocyanin (APC)-conjugated anti-CD44 (Miltenyi Biotec, Auburn, CA, uSA) at 4˚C for 10 min. The LCSCs were sorted from the Huh7 cells using flow cytometry (MoFlo XDP; Beckman Coulter, Miami, FL, uSA) with antibodies against CD133/1 and CD44. An isotype-matched mouse Igg was used as the negative control.
Sphere formation assay. The cells were seeded in multiple ultra-low attachment 24-well plates (Corning Costar Corp., Cambridge, MA, uSA) at a density of 2x10 2 cells/well in serum-free DMEM/F12K with B27 supplement (both from Invitrogen), basis fibroblast growth factor (bFgF) (20 ng/ml) and epidermal growth factor (EgF) (20 ng/ml) (both from PeproTech, Rocky Hill, nJ, uSA). The cells were incubated at 37˚C in an atmosphere of 5% Co 2 for 5 days. Then, the spheres (diameter >50 µm) in each well were counted using an inverted microscope (olympus, Tokyo, Japan). The average number of spheres was calculated from three independent experiments.
Migration assays. Isolated Huh7 cells were grown for 3 days in 10% FBS complete medium. Then, the cells were harvested using 0.5 mM trypsin/EDTA (Invitrogen) and resuspended in serum-free medium. Cell migration was evaluated using 6.5-mm Transwell plates with 8-µm pore size filters (Corning Costar Corp.). The resuspended cells were seeded into the upper chamber (3x10 4 cells) of the Transwell, and 600 µl of 10% FBS complete medium was added to the bottom chamber and used as a chemoattractant. The cells were incubated for 48 h at 37˚C in an atmosphere of 5% Co 2 . The cells that had not migrated were removed using a cotton swab. The cells that had migrated were stained using a Diff-Quick™ Three-
Step Stain kit (Sysmex, Kobe, Japan) and mounted on glass slides. The cells in 4 randomly selected fields (magnification, x200) from each slide were quantified using a slide scanner (Pannoramic MIDI; 3DHISTECH Ltd., Budapest, Hungary).
Invasion assays. The Transwell invasion assays were conducted using a Transwell plate (Corning Costar Corp.) coated with Matrigel (BD Biosciences, San Jose, CA, uSA) according to the manufacturer's instructions. Briefly, the Matrigel (BD Biosciences) was diluted with serum-free medium at a dilution of 1:5, added to the upper chamber, and incubated at 37˚C until it had completely solidified. The unbound Matrigel was removed by washing. Cells in serum-free medium were seeded into the upper chamber (5x10 4 cells), and 600 µl of complete medium was added to the bottom chamber and used as a chemoattractant. The cells were incubated for 48 h at 37˚C in an atmosphere of 5% Co 2 , and the non-invasive cells were removed using a cotton swab. The cells that had invaded the membrane were stained using a Diff-Quick™ Three-Step Stain kit and mounted on glass slides. The stained cells were counted using a slide scanner (Pannoramic MIDI) (magnification, x200).
Western blotting. The protein extracts were separated using 8% SDS-PAgE and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, germany). The membranes were blocked in 5% skim milk and incubated with the indicated primary antibodies according to the manufacturer's protocol. The following primary antibodies were used in the western blot assays: anti-ELK3, anti-VEgF (both from Abcam, Cambridge, MA, uSA), anti-HIF-1α (Santa Cruz Biotechnology) and anti-β-actin (Sigma, St. Louis, MO, uSA). The membranes were subsequently incubated with horseradish peroxidase (HRP)-conjugated anti-mouse or antirabbit secondary antibodies (Santa Cruz Biotechnology). The target proteins were visualized using an enhanced chemiluminescence reagent (Amersham Biosciences, Cardiff, uK). The density of each band was measured using Multi gauge imaging software (Raytest, Straubenhardt, germany).
Reverse transcription polymerase chain reaction (RT-PCR).
Total RnA was purified from CD133 + /CD44 + and CD133 -/CD44 -cells using TRIzol reagent (Invitrogen). The cDnA was synthesized from 2 µg of total RnA, and ELK3 was amplified using PCR with ELK3-specific primers (forward, 5-ACCCAAAggCTTggAAATCT-3 and reverse, 5-TgTATgCTggAgAgCAgTgg-3'). The expression level of the target gene was normalized to the expression of the β-actin internal control. β-actin was amplified using PCR with β-actin-specific primers (forward, 5'-ggCACCCACCCTTC TACATAgA-3' and reverse, 5'-CCCTCgTAgATgggCAC ACT-3'). The PCR products were separated using electrophoresis on a 1% agarose gel with 0.5 µg/ml ethidium bromide (Research genetics, Huntington, AL, uSA) and visualized using a gel-Doc system (Bio-Rad, Vienna, Austria).
VEGF enzyme-linked immunosorbent assay (ELISA). Human
VEgF Quantikine ELISA kits (R&D Systems, Minneapolis, Mn, uSA) were used to measure VEgF levels in cell supernatants according to the manufacturer's instructions. Briefly, 200 µl of the harvested cell supernatants was dispensed into wells coated with coating buffer and incubated for 2 h at room temperature (RT). After the wells were completely washed, the VEgF conjugate was dispensed into each well, and the wells were incubated at RT. Then, the plates were developed using substrate solution for 20 min. The absorbance at 450 nm was measured using a microplate reader.
Gelatin zymography. The cell supernatants were collected and mixed with non-denatured sample buffer [1 M Tris-Cl (pH 6.8), 1% bromophenol blue and 20% SDS]. The resulting cell supernatant solution was separated on a polyacrylamide gel containing 1 mg/ml gelatin (Sigma). The gels were renatured with 2.5% Triton X-100 and incubated in activation buffer [50 mM Tris buffer (pH 7.4), 5 mM CaCl 2 and 1 µM ZnCl 2 ) at 37˚C for 12 h. Then, the gels were stained with Coomassie Brilliant Blue R-250 for 20 min and destained with destaining buffer (45% methanol and 10% acetic acid). MMP-2 appeared as a clear area and the band density was measured using Multi gauge imaging software.
Statistical analysis. The data are presented as the mean ± SD. of at least 3 separate experiments. The statistical analyses were conducted using a two-tailed Student t-test. p<0.05 and p<0.01 indicate statistical significance.
Results

CD133 + /CD44
+ LCSCs are more clonogenic compared with non-CD133 + /CD44 + cells. To identify a putative marker of LCSCs, we evaluated the expression of the cell surface markers CD133 and CD44 in 5 HCC cell lines using flow cytometry. The expression of CD133 and CD44 was significantly different in each cell line. As shown in Table I , the proportion of CD133
+ cells was highest in the PLC/PRF/5 cells (74.6%) and lowest in the Hep3B cells (0.6%), whereas the proportion of CD44
+ cells was highest in the Hep3B (Fig. 1A) , and the clonogenic potential of the subgroups was examined using the sphere formation assay. The CD133 + /CD44 + subgroup formed the largest spheres (Fig. 1B) . In addition, the number of spheres was significantly higher in the CD133 + /CD44 + subgroup (15 spheres/well) compared with the CD133 -/CD44 -subgroup (9 spheres/well) (Fig. 1C) contribute to CSC-associated cancer metastasis and invasion (10, 14, 39) . Therefore, we performed in vitro Transwell migration and invasion assays to evaluate the metastatic potential of the Huh7 cell subpopulations. The migratory cells in each well were stained using a Diff-Quick Three-Step stain ( Fig. 2A, upper panel) , and the number of migratory cells in each group were compared. The number of migratory cells in the CD133 + /CD44 + subgroup increased ~4-fold compared with the number in the CD133 -/CD44 -subgroup ( Fig. 2B; p<0 .01). The results obtained from the Matrigel-coated Transwell invasion assay were consistent with these findings. The number of CD133 + /CD44 + cells that invaded the Matrigel was significantly greater compared with this number in the non-CD133 + / CD44 + subgroups ( Fig. 2A, lower panel) . The number of invasive cells in the CD133 + /CD44 + subgroup was ~4-fold greater when compared with the CD133 -/CD44 -subgroup ( Fig. 2B ; p<0.05). Together, these results indicated that the cell migration and invasion activities were significantly elevated in the CD133 + /CD44 + LCSCs.
ELK3 expression is elevated in CD133
+ /CD44 + cells. In a previous study, we demonstrated that ELK3 expression plays an important role in the process of EMT during liver fibrogenesis (26) . Acquiring cell motility is necessary for the transition from an epithelial to a mesenchymal phenotype (27, 28) . We used western blot assays to determine whether ELK3 protein levels differ between CD133 + /CD44 + and CD133 -/CD44 -cells. As shown in Fig. 3A , the ELK3 protein level was increased ~2. 5 Fig. 4C; p<0.05) . next, we conducted a Transwell cell migration assay in the ELK3-knockdown CD133 + /CD44 + cells (Fig. 4D, upper panel) . notably, the number of migratory cells was decreased by ~70% in the ELK3-knockdown CD133 + / CD44
+ cells compared with this number noted in the negative control cells (Fig. 4E; p<0.05 ). In addition, similar results were obtained using the Matrigel-coated Transwell invasion assay (Fig. 4D, lower panel) . The number of cells that invaded the Matrigel was decreased by ~90% in the ELK3-knockdown CD133 + /CD44 + cells compared with this number in the negative control group ( Fig. 4E; p<0.05) . Collectively, these results indicate that ELK3 expression is associated with the migration and invasion of CD133 + /CD44 + cells. + /CD44 + cells were assessed using a Transwell migration and a Matrigel-coated Transwell invasion assays, respectively. (A) The silencing efficiency was measured using western blot analysis (upper western blot). The density of the band was measured using Multi gauge imaging software and normalized to β-actin (lower graph). The results are expressed as the means ± SD of three independent experiments; ** p<0.01, ELK3 knockdown CD133 + /CD44 + cells vs. negative control cells. (B) Clonogenic potential was determined using sphere formation assays. Representative images of spheres were obtained using an inverted microscope (olympus). Scale bar, 50 µm. (C) Sphere formation efficiency was quantitatively analyzed. The number of spheres (diameter >50 µm) per well (2x10 2 cells/well) was determined using an inverted microscope (olympus). The results are expressed as the mean ± SD of three independent experiments; * p<0.05, ELK3-knockdown CD133 + /CD44 + group vs. negative control group. (D) Representative image of the Transwell migration and Matrigel invasion assays. The cells were stained using the Diff-Quick™ Three-Step Stain kit and scanned using a slide scanner (panoramic MIDI). Scale bar, 200 µm. (E) The migratory and invasive cells in 4 randomly selected fields were counted using a slide scanner (panoramic MIDI). The results are expressed as the means ± SD of three independent experiments; * p<0.05, ELK3-knockdown CD133 + /CD44 + group vs. negative control group.
ELK3 attenuates the metastatic potential of CD133 + /CD44
+ cells by regulating the HIF-1α signaling pathway. To investigate the molecular mechanism underlying the ELK3-mediated properties of CD133 + /CD44 + cells, we focused on the relationship between ELK3 and expression of its target gene HIF-1α. Previous studies revealed that several genes including Egr-1, PAI-1 and HIF-1α are ELK3 target genes by forming ternary complexes. Among these target genes, HIF-1α is known to stimulate angiogenic and metastatic responses by activating transcription of the genes encoding several growth factors, including VEgF and MMP-2 (19) (20) (21) (22) (23) 35, 36) .
To this end, we evaluated the expression of HIF-1α in the ELK3-knockdown CD133 + /CD44 + cells. The HIF-1α protein level was decreased by ~70% in the ELK3-knockdown CD133 + / CD44 + cells compared with this level noted in the negative control cells (Fig. 5A; p<0.01) . The VEgF protein level was significantly decreased by ~60% in the ELK3-knockdown CD133 + /CD44 + cells compared with this level in the negative control cells (Fig. 5A; p<0.05) , and a VEgF-specific ELISA demonstrated that VEgF secretion was decreased by ~50% in the ELK3-knockdown CD133 + /CD44 + cells compared with the secretion observed in the negative control group (Fig. 5B;  p<0 .05). These result suggested that ELK3 knockdown has an inhibitory effect on VEgF-induced angiogenesis. + /CD44 + and negative control cells were evaluated using western blot analysis. The band density was measured using Multi gauge imaging software and normalized to β-actin. The results are expressed as the means ± SD of three independent experiments; ** p<0.01, ELK3 knockdown CD133 + /CD44 + group vs. the negative control group. (B) Secreted VEgF levels in cell supernatants were measured using VEgF-specific ELISA. The results are expressed as the means ± SD of three independent experiments; * p<0.05, ELK3 knockdown CD133 + /CD44 + group vs. negative control group. (C) The enzymatic activity of MMP-2 in ELK3 knockdown cells was measured using gelatin zymography. Relative enzymatic activity was determined by measuring the optical density of the MMP-2 band. The results are expressed as the means ± SD of three independent experiments; ** p<0.01, ELK3 knockdown CD133 + /CD44 + group vs. the negative control group.
Therefore, we performed a gelatin zymography assay to determine the enzymatic activity of MMP-2 in the ELK3-knockdown CD133 + /CD44 + cells since recent studies have demonstrated that MMP-2 participates in the cancer metastasis process and is also known to correlate with HIF-1α expression (36, 38) . As shown in Fig. 5C , the enzymatic activity of MMP-2 was decreased by ~50% in the ELK3-knockdown CD133 + /CD44 + cells compared with that in the negative control group (p<0.05). Together, these results indicate that silencing of ELK3 expression in the CD133 + /CD44 + cells can decrease the activity of metastasis-associated molecules by inhibiting HIF-1α expression.
Collectively, these data demonstrated that ELK3 overexpression promotes metastasis in CD133 + /CD44 + cells and that inhibiting ELK3 expression attenuates the metastatic potential of CD133 + /CD44 + LCSCs (Fig. 6 ).
Discussion
HCC metastasis occurs through a series of several complex steps. Briefly, metastatic cancer cells escape from the primary cancer, enter the blood circulation and ultimately colonize a new organ and form metastasis (40) . As multiple complex steps are required for this process, the majority of cancer cells rarely metastasize to other organs. Recent studies have shown that CSCs comprise an extremely small subpopulation of cancer cells and have high metastatic potential (5-7). Therefore, several cancers including HCC, are very difficult to cure using standard cancer chemotherapy treatments due to the persistence of CSCs (41) . Cancer cells that survive anticancer therapy can initiate metastasis, thereby contributing to a poor prognosis. Therefore, identifying and specifically targeting CSCs may represent a promising therapeutic strategy for treating cancer. Consistent with this hypothesis, numerous studies have investigated methods for identifying and targeting CSCs among the general population of cancer cells. Many specific cell surface markers have been identified and characterized at the biological and clinical level (8) . Among these markers, CD133 and CD44 play a well-established role in the metastatic potential of LCSCs (8, 10, 14, 42) . notably, several recent studies reported that the expression of CD133 or CD44 alone is not sufficient to account for all of the biological properties of CSCs (43, 44) . Therefore, several studies have investigated whether CSCs that co-express CD133 and CD44 represent a more potent CSC subpopulation (45, 46) . These studies revealed that the co-expression of CD133 and CD44 is a more specific LSCS biomarker and a more valuable prognostic indicator in HCC (44) (45) (46) . In the present study, we demonstrated that CD133 + /CD44 + cells have increased metastatic potential compared with non-CD133 + /CD44 + cells using cell migration and invasion assays.
After evaluating the metastatic potential of CD133 + /CD44 + LCSCs, we investigated the molecular mechanisms underlying these properties. In a previous study, we revealed that CD133 + LCSCs mediate radiation resistance in human HCC by regulating MAPK signaling pathways (47) . In addition, a recent study revealed that CD133 expression was modulated by the ERK1/2 and Src signaling pathways in pancreatic cancer and that CD133 promoted cancer invasion and metastasis by activating an EMT regulatory feedback loop (48) . CD44 maintains the high basal level of motility in breast cancer cells by forming a complex with ERK1 and 2, and CD168 (15) . Both of these studies concluded that CD133 and CD44 are associated with the MAPK signaling pathways such as the ERK pathway. Furthermore, the results of our previous study revealed that ELK3 contributes to the process of EMT via MAPK/ELK3/egr-1 signaling (26). Moreover, as previous studies have demonstrated that EMT promotes a mesenchymal phenotype and consequently enhances cell motility, EMT is regarded as a contributing factor to metastasis and invasion in various types of cancer. As ELK3 expression is associated with cell migration, vasculogenesis and wound healing (24, 25) , we examined the potential role of ELK3 in the mechanisms underlying metastasis and invasion in LCSCs.
In the present study, ELK3 expression levels in CD133 + / CD44 + cells were significantly elevated compared with CD133 -/CD44 -cells. These results suggest that ELK3 plays a specific role in cancer metastasis and invasion in LCSCs. Furthermore, we investigated the molecular mechanisms underlying the function of ELK3 in CD133 + /CD44 + LCSC metastasis by transfecting CD133 + /CD44 + LCSCs with ELK3-specific siRnA. notably, we found that silencing ELK3 expression inhibited LCSC metastasis and invasion. Previous studies demonstrated that ELK3 participates in the regulation of various genes, including c-fos, egr-1, and PAI-1. In addition, ELK3 is known as a regulator of HIF-1α expression by modulating HIF-1α stability (21) (22) (23) 30, 31) . HIF-1α plays a key role in the induction of cancer invasion, metastasis and angiogenesis, as well as in cancer growth, glucose metabolism, and other metastasis-associated signaling pathways (32) (33) (34) (35) (36) . notably, HIF-1α is a key regulator of cancer metastasis and invasion in HCC (35, 36) . In the present study, the HIF-1α protein level was decreased by ~60% in the ELK3-knockdown CD133 + /CD44 + cells. Consistent with this observation, the activity of VEgF and MMP-2 was significantly decreased in the ELK3-knockdown CD133 + /CD44 + LCSCs. These results indicate that ELK3 expression, and the activity of VEgF and MMP-2 are directly associated with the co-expression of the cell surface markers CD133 and CD44 and that the co-expression of these markers is a more specific and reliable marker of HCC compared to the expression of either CD133 or CD44 alone.
According to these results, we conclude that Huh7 CD133 + /CD44 + LCSCs have high metastatic and invasive potential due to the overexpression of ELK3. Moreover, we found that silencing of ELK3 expression in the CD133 + /CD44 + LCSCs attenuated the metastatic and invasive potential via modulation of the HIF-1α signaling pathway (Fig. 6) . A better understanding of the cellular and molecular mechanisms underlying LCSC metastasis and invasion is essential to improving the efficacy of therapies designed to suppress HCC metastasis in the clinical setting. In this regard, the novel findings reported in the present study indicate that ELK3 expression contributes to the metastatic potential of LCSCs and that silencing of ELK3 expression can reduce the metastatic and invasive potential of LCSCs by regulating HIF-1α. In conclusion, modulation of ELK3 expression may represent a novel therapeutic approach for preventing the process of cancer metastasis and invasion in HCC.
